There is ample evidence, mainly from case-control studies, that biomarkers of oxidative damage in human plasma, urine, and cells are increased in subjects with certain diseases or associated risk factors. For example, the DNA oxidation markers 8-oxo-2'-deoxyguanosine (8-oxodG) and 8-oxo-guanine are increased in smokers and patients with certain types of cancer, autoimmune diseases, hepatitis, and cystic fibrosis (6, 7) . F 2 -isoprostanes and their metabolites, which are reliable markers of in vivo lipid peroxidation, are elevated in hepatic cirrhosis and Alzheimer's disease and in subjects with coronary risk factors, such as cigarette smoking, diabetes mellitus, obesity, hypercholesterolemia, or hyperhomocysteinemia (6, 8) . Furthermore, plasma and tissue levels of protein carbonyls, indicative of protein oxidative damage, are increased in smokers, several neurodegenerative diseases, cataractogenesis, and rheumatoid arthritis (6) . Thus, it is possible, although not proven, that these diseases are in part caused by oxidative damage to critical biological macromolecules and that dietary intake of, or supplementation with, antioxidants may lower disease risk or be useful in disease treatment.
Clinical trials of antioxidant supplementation of smokers and nonsmokers with vitamin C, vitamin E, and ß-carotene, alone or in combination, generally did not find significant decreases in biomarkers of oxidative DNA damage, usually 8-oxodG (6, 7, 9) . In contrast, observational studies suggest an inverse association between dietary intake or plasma levels of antioxidants and oxidative DNA damage (3, 5, 6) . Furthermore, vitamin C or vitamin E supplementation lowers lipid oxidative damage, measured as F 2 -isoprostanes, in some subjects, such as smokers with increased body mass index, patients with alcohol-induced chronic liver disease, hypercholesterolemics, and diabetics, but apparently not in healthy, nonsmoking individuals or patients with coronary artery disease (3, 6, 8) . Although human data on protein oxidative damage are sparse, preliminary evidence suggests that vitamin C supplementation lowers protein carbonyl levels in healthy individuals with low baseline ascorbate levels and nitrotyrosine levels (a marker of peroxynitrite-mediated "nitrative stress") in patients with Helicobacter pylori gastritis (3, 6) . Finally, vitamin E supplementation has been reported to lower protein carbonyl levels in smokers (3). Overall, current evidence suggests that antioxidant supplementation can lower oxidative biomarkers in subjects with increased oxidative stress levels, but not in healthy individuals with "normal" oxidative stress levels.
Despite this evidence, clinical trials of antioxidant supplementation with vitamin E and ß-carotene have failed to show benefit with respect to disease outcome and sometimes have found adverse effects (2,10). These clinical trial data are in stark contrast to the compelling evidence from observational studies that dietary intake or plasma levels of antioxidants are correlated with decreased disease risk of, or mortality from, heart disease, stroke, and many types of cancer (4, (11) (12) (13) (14) . For example, dietary intake and plasma levels of ß-carotene are associated inversely with lung cancer, yet 2 large trials of ß-carotene supplementation found an increased risk of lung cancer in smokers and workers exposed to asbestos occupationally (2, 5) . These results suggest that ß-carotene is a marker of fruit and vegetable intake, which is known to reduce chronic disease risk, but not a main active constituent. Furthermore, observational data suggest an inverse association between vitamin E supplementation and heart disease risk (3, 11) but numerous large clinical trials with vitamin E supplements have failed to show any benefit in the secondary prevention of heart disease (10). Finally, observational studies have shown strong inverse associations between vitamin C intake or plasma levels and morbidity or mortality from all causes, cardiovascular diseases (CVD), and cancer (4, 12, 13) ; however, clinical trial data are lacking to conclude whether vitamin C is responsible chiefly for the observed health benefits or-similar to ß-carotene-merely is a marker of fruit and vegetable intake.
Although clinical trials have been promoted as the "gold standard" for demonstrating health benefits of antioxidant supplements, they suffer from limitations that can hamper their interpretation. In particular, the following issues need to be addressed before definitive conclusions can be drawn:
Primary vs. secondary prevention
Most clinical trials conducted thus far have examined the effect of antioxidant supplements on secondary prevention of disease. In contrast, most observational studies have investigated primary prevention. Thus, while dietary or supplemental antioxidants consumed over a long period of time by healthy individuals may effectively prevent or delay development of chronic diseases, such as CVD, cancer, and neurodegenerative diseases, treating patients diagnosed with these diseases with antioxidant supplements no longer may provide significant benefit. For example, vascular oxidative stress causing oxidation of low-density lipoproteins and endothelial dysfunction is pivotal for the initiation of atherosclerosis but may become progressively less important during the later stages of the disease, when mural thrombosis, smooth muscle-cell proliferation, and deposition of extracellular matrix contribute significantly to plaque growth. Similarly, mutagenic oxidative DNA lesions may initiate carcinogenesis but be less important in tumor promotion and metastasis. Thus, a thorough understanding of disease pathology is crucial for the proper timing and duration of antioxidant supplementation in intervention studies.
Standard therapy
Most clinical trials conducted thus far have examined the effects of antioxidant treatment in conjunction with standard therapy, which may obliterate the potential beneficial effects of the antioxidant studied. For example, many secondary prevention trials of CVD have compared patients on multi-drug therapy, including statins, aspirin, angiotensin-converting enzyme inhibitors, and ß-blockers, with patients receiving the same multi-drug therapy plus vitamin E. If some of the benefits of vitamin E are derived from its ability to inhibit platelet aggregation and, thus, mural and occlusive thrombosis, the effects of vitamin E may be obliterated by the simultaneous use of aspirin or other nonsteroidal antiinflammatory drugs.
Pharmacokinetic behavior of antioxidants
Most clinical trials conducted thus far have not determined antioxidant levels, such as plasma levels of vitamins C and E, at baseline and following supplementation. Without such data, it is impossible to know whether the supplementation had the intended effect of increasing antioxidant levels in the subjects studied. For example, individuals with a relatively moderate daily intake of about 200 mg of vitamin C from the diet and a multivitamin may already have body and tissue saturation, and supplementing such individuals with vitamin C will not further increase their vitamin C body status. Vitamin E and ß-carotene are lipid-soluble compounds, the absorption of which from the diet is highly dependent on the food matrix. For example, vitamin E taken on an empty stomach is poorly absorbed or not absorbed at all.
Mechanism of antioxidant action
Equally important to a thorough understanding of the disease pathology (see above) is a thorough understanding of the mechanism of action of the antioxidant to be tested. For example, vitamin E may be the wrong antioxidant for treatment of CVD because myeloperoxidase-derived reactive nitrogen or halogenating species, such as peroxynitrite, nitrogen dioxide, or hypochlorous acid, appear to play a significant role in LDL oxidation and vascular nitrative and oxidative stress. These oxidants can cause oxidative damage to biological target molecules by a mechanism not affected by vitamin E. In addition, a water-soluble antioxidant, such as vitamin C, protects different targets than does a lipid-soluble antioxidant, such as vitamin E. Therefore, failure of one antioxidant to prevent or treat a specific disease does not mean that all other antioxidants will also fail.
Oxidative biomarkers
Virtually no clinical trials conducted thus far have assessed baseline oxidative stress levels in the subjects studied by measuring at least one relevant oxidative biomarker. Without this information, it is impossible to know which subjects are under increased oxidative stress and, thus, may benefit from antioxidant treatment. It also is not known whether the antioxidant supplements had the intended effect of lowering oxidative stress.
Due to these limitations of clinical trials, it remains impossible to conclude whether oxidative stress plays a causal role in CVD, cancer, and other chronic diseases in humans or whether oxidative stress is an epiphenomenon unrelated to the pathogenesis or even a consequence of the disease (Fig. 1) . Thus, it is pivotal that ongoing and future clinical trials assess antioxidant levels and oxidative stress before and after antioxidant supplementation, measuring at least 2 established oxidative biomarkers, such as 8-oxodG, F 2 -isoprostanes, chlorotyrosine, nitrotyrosine, or protein carbonyls. Without such information, it is impossible to know whether most antioxidant trials conducted thus far have failed to show benefit because supplementation did not lower oxidative stress or because oxidative stress does not play a causal role in the disease under study. Therefore, well-controlled clinical trials are needed that simultaneously assess and compare the effects of antioxidant supplementation in nonantioxidant-saturated populations on body antioxidant status, oxidative biomarkers, and disease outcome. While such trials will help clarify the role of antioxidants in secondary disease prevention, it may never be known with certainty whether antioxidants are effective in primary prevention of disease because these types of trials may be prohibitively expensive and logistically unfeasible. 
